Increases in phenylalanine ammonia lyase activity and pisatin synthesis were induced in excised pea pods (a) by basic polypeptides such as protamine, histone, lysozyme, cytochrome c, and ribonuclease; (b) by the polyamines spermine, spermidine, cadaverine, and putrescine, and (c) by the synthetic oligopeptides poly-L-lysine, poly-DL-ornithine, and poly-
Poly-L-lysine (1 milligram per milliliter, molecular weight 7, 200) was utilized as a model inducer of pisatin and phenylalanine ammonia lyase. The poly-L-lysine-induced responses could be inhibited by adding the RNA synthesis inhibitors cordycepin or a-amanitin to the pods prior to or at the time of inducer application. Cordycepin added 1.5 hours after inducer no longer completely inhibited induction. The application of poly-L-lysine was shown to characteristically change the rate of RNA synthesis within 30 minutes. Ultrastructural changes in pea nuclei were detected within 3 hours, and gross changes in nuclear morphology were apparent at 14 hours after inducer application. The physical appearance of uranyl acetate-stained chromatin isolated from poly-L-lysine 2 hours after inducer application differed from that of water-treated tissues. The template properties of chromatin extracted from pods 3 hours after inducer application were consistently superior to control chromatin when assayed with Escherichia coli RNA polymerase (without sigma factor). Chromatin from poly-L-lysine-induced tissue also bound 49% more actinomycin D-'H.
The DNA-complexing properties of inducer compounds and the induced changes in the template and dye-binding properties of pea chromatin formed the basis for a proposed mode of action for phytoalexin induction.
The functions of numerous polypeptide hormones (5) have been characterized in animal systems; however, interest in the potential role of polypeptides in regulating plant processes is still limited. There is reason to believe that numerous polypeptide components remain to be discovered which can influence plant cell processes (46) . Phytoalexin induction in pea tissue has been employed as one measure of the effects of chemically defined compounds on the regulation of cell processes (12, (15) (16) (17) (18) (19) (20) (21) 38) . We now report that basic peptides can induce gene-controlled responses, and we demonstrate that this gene-activating potential exists for basic compounds (2, 41, 47) which occur in plants and other higher organisms.
The synthetic compound, poly-L-lysine, was chosen as a model inducer because of its amino acid residue uniformity and chemical simplicity. This paper examines the phytoalexininducing effect of poly-L-lysine in relation to (a) alteration of the fine structure of nuclei and cell membranes, (b) template activity and dye-binding capacity of isolated chromatin, (c) the in vivo rate of RNA synthesis, and (d) the dependency of the induction process on RNA and protein synthesis.
Our previous hypothesis (20, 38) that regulation of gene expression can occur as a result of changes in the conformation of specific segments of DNA is re-examined in terms of what is presently known about the interaction between these peptideinducers and DNA.
MATERIALS AND METHODS
Materials. a-Amanitin was donated by T. Wieland, MaxPlank Institute. Actinomycin D-'H and spermidine`C 3HCl
were obtained from Schwarz-Mann and New England Nuclear, respectively. Rifampicin and anthramycin were donated by CIBA Pharmaceutical Co. and Hoffmann-LaRoche, respectively.
Induction Treatments. Immature pea (Pisum sativuin L.) pods (less than 2 cm long) of the Alaska variety were harvested while still enclosed in the blossom to minimize microbial contamination. The pods (1 g/treatment) were immediately split and placed in covered sterile Petri dishes.
Treatments (1.0 ml of aqueous inducer solutions) were applied to the exposed endocarps of 1 g of immature excised pod halves. Pods were then placed in the dark at 22 C. After POLYPEPTIDES AS PISATIN INDUCERS and treated 15 min later with water. After 30 min the two samples were combined and the RNA was extracted at 60 C by the phenol method (24) and fractionated by linear 5 to 40% sucrose density gradient centrifugation. Centrifugation was performed in a SW-50-L rotor for 18 hr at 32,000 rpm at 0 to 4 C. The ratios were corrected for counting efficiencies and relative counts administered as described previously (38) .
Control ratios were obtained by dual labeling two sets of water-treated pods.
RNA Polymerase Assay. Poly-L-lysine (1 mg/ml) or sterile H.0 was applied to the endocarp surface of 40 g of pea pods.
The H20 and poly-L-lysine-treated tissues were thoroughly washed seven times in lOX volumes of sterile H,O to remove external poly-L-lysine prior to chromatin extraction. Chromatin was extracted according to Huang and Bonner (23) except that MgCl was deleted from the "grinding medium." The extracted chromatin was run through two density gradient purifications and was quantitated (7) on the basis of actual micrograms of DNA. The Escherichia coli polymerase used in these assays was the "pooled phosphocellulose peak" described by Burgess (6) , which does not contain sigma factor.
The rate of RNA synthesis was measured by determining the incorporation of 'l-labeled UTP into a trichloroacetic acidinsoluble fraction. Incubation was carried out for 10 min at 37 C in a final volume of 0.20 ml containing 10 OsO for 1 hr. The Os04 was replaced with the cacodylate buffer, and the tissue was dehydrated by progressively increasing concentrations of ethanol (30-100%) over 1.5 hr. Tissue was embedded in spurr (Polysciences, Warrington, Pa.) and sections (60-90 mm thick) were cut on Reichert OMU-2 ultramicrotome using a diamond knife. The thin sections were stained for 60 min with saturated uranyl acetate followed by lead citrate for 5 min and observed in Hitachi-125 electron microscope.
Aliquots of chromatin preparations described above were resuspended in 15 ml of 10 mm tris buffer, pH 8.0, in a ground glass tissue homogenizer and then repelleted at 10,000g for 10 min. The pellet was immersed in a solution of 50% glycerol-50% buffer. Droplets of the chromatin suspension were applied to the Formvar-carbon-coated 300 mesh copper grids. The excess material was withdrawn from copper grids by a micropipette; and the chromatin was stained with saturated aqueous uranyl acetate for 30 min, rinsed with water twice, and dried at room temperature before examination in the electron microscope.
RESULTS AND DISCUSSION
Pisatin synthesis, although induced in nature by microorganisms, is totally a plant process (34) . The pea plant is in close association with the microflora of soil; thus the foot region of a "healthy" plant growing in fertile soil is normally induced to produce some pisatin (11) . Therefore, the mechanism of pisatin induction is of interest both in terms of activation of a plant response and in understanding how microorganisms can influence plant processes.
Recent work (16, 19, 20, 34, 37, 38) (13) and specifically complexing with segments of native DNA (10, 30, 39, 46) . Induction by Polypeptides. Table I is that certain basic peptides excel in increasing PAL activity and pisatin production. The large positive charge of compounds such as protamine, histone, lysozyme, and cytochrome c apparently distinguish these compounds as phytoalexin inducers. The DNA-complexing potential of all such compounds has been reviewed recently (14, 46) . Protamine, histones, and the toxins from venom of Naja 1 Snake venom contains enzymes which convert L-phenylalanine-14C to a toluene-soluble product; therefore, the PAL assay was not valid when venom was applied to pods. thetic polymers of poly-L-lysine, poly-L-arginine, and poly-DLornithine to determine if the basic amino acid residue or the size of the peptide influenced the efficiency of the inducer peptides. Numerous reports have utilized cationic homopolypeptides such as poly-L-lysine and poly-L-arginine in model studies to provide insight into the interaction mechanisms of complexes between DNA and the basic proteins of chromatin. The interpretations of such studies have been discussed in detail (46) . The poly-L-lysine molecule is visualized as lying backbone down in the major groove of the DNA helix with its side chains extending alternately, upward on one side and then the other, toward the DNA phosphates. The conformational change induced in DNA by the binding (1: 1 lysine-phosphate stoichiometry) of the peptide favors side-by-side interaction of peptides along the DNA. The cooperative binding as well as specificity tor dA * T rich regions of the DNA is found only with oligolysine peptides with at least eight lysine residues. The tight binding of poly-L-lysine to DNA distorts the DNA into a vastly altered conformation possibly with segments of "base tilted" DNA adjacent to complexed regions.
The data in Table II 28 15
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513 ± 54 39 Poly-DL-ornithine (12,000-50,000) 616 ± 15 38 Poly-L-arginine (14,000) 176 ± 23 25 Poly-L-arginine (50,000) (23) except that MgCl2 was deleted from the grinding medium. Template activity of the chromatin and DNA was determined as described in "Materials and Methods." The chromatin preparations designated "Prep I" and "Prep II" were from different harvests of pea pods. The extraction and assay procedures were similar except that Prep I was assayed with RNA polymerase in excess of the saturation level whereas Prep II was assayed with a 50% saturation level of the enzyme. Relative incorporation of radioactively labeled orotic acid into various fractions of RNA extracted from poly-L-lysine-treated or protamine-treated versus water-treated pea pod tissue. Orotic acid-6-"C (3 icc) was applied to the endocarp surface of 3 g of split, immature pea pods 15 min prior to inducer treatment (poly-L-lysine or protamine at 1 mg/ml). Another 3-g sample was labeled with orotic acid-5-3H (30 ,uc) and subsequently treated (15 min later) with water. After 30 min the inducer-treated and water-treated samples were combined and the RNA was extracted and fractionated by density gradient centrifugation. The ratios were corrected for counting efficiencies and for relative counts administered, as described previously (38) , and plotted. The 14C/3H ratio points represent the following dual labeled experiments: A: protamine/H20 treatment; 0: poly-L-lysine/H20 treatment; 0: H20/H20 treat- 7, 200) . A: Pea nucleus 14 hr after the application of water. The cell with this nucleus is one cell layer below the endocarp. Nucleoplasm is well formed and consists of weakly and densely stained areas. Note the fibrillar material (f) and the sharp granulation (g) of the darker stained regions. Also note intact and well formed nuclear envelope (ne). X 22,000. B: Pea nucleus in water-treated tissue in third cell layer below endocarp surface. Note the sharp granulation and intact nuclear envelope. x 28,000. C: Pea nucleus in third cell layer below the endocarp surface 3 hr after this surface has been treated with 1 mg/ml poly-L-lysine. Note change in texture of nucleoplasm and both PAL and pisatin is not completely blocked. If cordycepin is applied 6 hr after the inducer, the levels of PAL and pisatin attained are comparable to the optimal levels induced within 18 hr in the absence of this inhibitor.
POLYPEPTIDES AS PISATIN INDUCERS
a-Amanitin, which specifically inhibits the "nucleoplasmictype" RNA polymerase of plants (43), also substantially suppresses the induction response (Table III) . Rifampicin-type compounds are not effective suppressors of PAL and pisatin induction. Cycloheximide (0.1 mg/ml) totally inhibits the induction of both PAL and pisatin if it is applied with the partial coalescence of granulation. X 28,000. D: Pea nucleus in sixth cell layer below endocarp surface 3 hr after application of poly-L-lysine. Note the condensation of chromatin in the form of densely stained areas. X 17,700. E: Pea cells three to six cell layers below endocarp surface 14 hr following the application of poly-Llysine. Note the gross damage to cell membranes and other cellular components. Also, the nuclear components have condensed into densely stained large globules. x 8,400. F: Pea nucleus very deep (adjacent to epidermal edge of the pod) in pod tissue 14 hr after application of poly-L-lysine. Note the relative intactness of the nucleus and nuclear membrane. X 8,200. inducer. If cycloheximide is applied at hr 5 following inducer, the 2-fold increase of PAL attained within 5 hr is nearly stabilized; however, pisatin production is completely suppressed for the duration of the incubation period. These results indicate that the production of mRNA required in the induction process is initiated within 1.5 hr and that a substantial amount of RNA is synthesized within 6 hr. The corresponding protein synthesis is initiated within 3 hr and is maximal 6 to 9 hr after the application of inducer. studies, appears essential early in the phytoalexin induction process, is detectably altered within 30 min following pOly-Llysine treatment (Fig. 2) . There was a change in the rate of synthesis of various sized fractions present within the total RNA of cells treated with poly-L-lysine or protamine. Template Activity and Dye-binding Capacity of Chromatin from Poly-L-lysine-treated Tissue. The template activity of chromatin from pOly-L-lysine-treated pods, isolated 3 hr after inducer application, is consistently greater than that of the chromatin of H20-treated tissue. The template activity of pea chromatin was assayed (Table IV ) with E. coli polymerase which was purified and was separated from "sigma factor" according to Burgess (7) .
The observed increase in the template activity of pea chromatin may relate to the polymerase accessibility of chromatin DNA, as has been proposed in hormone-induced systems (4) . Dye binding is one measure of the accessibility of chromatin to DNA-complexing components. Therefore, we compared the dye (actinomycin D-'H) binding capacity of the DNA of the chromatin from water-treated tissue with the corresponding chromatin DNA from poly-L-lysine-treated tissues according to Beato et al. (4) . The "poly-L-lysine chromatin" was able to bind and retain 49% more actinomycin D-4H than the chromatin from H20-treated tissue. It was also established that the dye binding was specific for the DNA with only a minor fraction of the radioactivity of actinomycin D-3H remaining with the protein peak following cesium chloride density gradient centrifugation.
Fine Structure Changes in Poly-L-lysine-induced Tissue. The in vivo effect of poly-L-lysine in peas can be followed by the electron microscope examination of pea tissues (Fig. 3) . Sequential morphological changes are visible 3 to 14 hr after the poly-L-lysine application. At a given time following the application of poly-L-lysine there is a vertical gradient of morphological alterations as one examines cell layers beneath the endocarp surface. The more pronounced alterations occur in the upper endocarp cells and diminish toward the lower epidermis cells of the pod half. At 3 hr the majority of cells and cell membranes are intact, although some membrane alteration is detectable in the upper cell layers. In the physiological time table of the pisatin induction described above much of the new mRNA required for the phytoalexin induction has been synthesized within 3 hr. When chromatin was extracted from pod tissue 2 hr after poly-L-lysine treatment, it was generally distinguishable (Fig. 4) The dispersion of chromatin in 50% glycerol, which has no apparent effect on DNA conformation, appeared to give satisfactory preparations. Extensive membrane alterations and characteristic changes in the nucleus occur 14 hr after application of poly-L-lysine. The build-up and/or partitioning of nuclear components (probably chromosomal components) occurs in most of the pea pod cells. The changes in the nucleus and membranes of poly-L-lysine treated cells (apparent 2-14 hr after application), which occur while PAL activity and pisatin production are increasing, may only be an amplification of the more subtle or secondary changes occurring during the initiation of the induction process.
The plasmalemma (which is significantly damaged 14 hr after poly-L-lysine application) is necessarily a primary destination of all externally applied chemicals, and any membrane damage would be expected to have physiological repercussions. However, in an extensive series of experiments (Hadwiger, unpublished) we have been unable to induce PAL and pisatin formation in pod tissue by shredding with a razor blade or with bruising, mitogens, sonication, heat treatments, cold treatments, or freeze-thaw treatments. Most of these treatments would be expected to affect membrane function. These harsh treatments could lack the specificity which may be required, for example, to release membrane-bound components or other internal inducers. It is possible to induce both low levels of pisatin production (approx. 10 ,ug/g in 24 hr) and 3-fold increases in PAL in 18 hr by adding back highly concentrated pea pod proteins to uninduced pods.
However, unconcentrated juices derived directly fromn grinding pea tissue do not induce.
Phytoalexin Induction by RNase. Some of the basic polypeptides of biological origin used as inducers (18) have specific enzymatic functions. It was of interest to determine if the induction potential of RNase was related to its enzymatic function. Ribonuclease A has been shown previously (19) to induce significant increases in pisatin production and PAL activity. Ribonuclease S (Table III) to the intact remainder (S-protein), can be separated into Speptide and S-protein, neither of which possesses enzyme activity (3). The data in Table V indicates that the "S-protein" but not the "S-peptide" of RNase S can induce PAL and pisatin. Further, the S-protein can only partially fulfill the induction potential of the intact enzyme. The full induction potential (Table V) actions of spermine with DNA have been reviewed (46 
CONCLUSIONS
The phenomenon of phytoalexin induction has been perplexing in that phytoalexin production and PAL increases are induced in plant tissues by multiple external stimuli. There is also a lack of specificity in the plant's response, since a given inducer (15) changes the rate at which a broad range of proteins, other than PAL, are synthesized. Thus we have demonstrated both that a given response can be triggered by more than one inducer and that a given inducer can effect more than one response.
Any explanation of the mode of action of phytoalexin inducers must take into account the physical or physiological properties of all classes of inducer compounds. We have recently reported circumstantial evidence which suggests that DNA is the cellular target for these diverse inducers (16, (20) (21) (22) 38) . The DNA binding (32) of certain pisatin inducers such as quinacrine (20) and ethidium bromide can be discerned (8, 9) at the chromosome level in peas as fluorescing bands or mosaics which are chromosome-and species-specific.
Although some of the inducers have the potential to react with multiple sites within the cell (22) , a few such as actinomycin D (28, 48, 49) , anthramycin (29) , and xanthotoxin (in the presence of 360 nm UV) (33) , are believed to be highly specific for DNA. Previously (20, 38) change dramatically the conformation of DNA (46, 48) as well as the degree of supercoiling (48) . Since the attachment of the inducer compound to DNA can influence DNA conformation adjacent to its attachment site (46) , the inducer attachment site and the DNA polymerase initiation site need not be one and the same. Basic proteins such as poly-L-lysine have the potential either (a) to complex with stretches of DNA with (40) or without (36) protein and directly change the conformation (25, 46) of that DNA segment or (b) to alter the physical localizations (26, 36, 44) of the basic proteins which characterize the folding features of DNA in protein-covered segments. Both actions would alter the DNA supercoiling.
Our results demonstrate that the chromatin from inducertreated tissue is apparently more accessible to RNA polymerase and has a greater dye-binding potential. The electron micrographs demonstrate a gradient of morphological alterations in the nuclei of inducer-treated cell (over time and depth of inducer penetration) which might be expected in the wake of gross alterations of the DNA supercoiling.
Therefore, we suggest that the diverse groups of phytoalexin inducers affect multiple segments of nuclear DNA and that the changes in DNA conformation which occur in the globular regions improve the accessibility or "melting in" (46) 
